Abstract. Harmine, a β-carboline alkaloid isolated from the seeds of Peganum harmala, possesses both antitumor and anti-nociceptive effects and inhibits human DNA topoisomerase. However, no detailed data are available concerning the mechanisms of harmine in human colorectal carcinoma SW620 cells. In the present study, we demonstrated that harmine inhibited the proliferation of SW620 cells in a dose-dependent manner using MTT and clone formation assays, and the IC 50 value of harmine on the growth inhibition of SW620 cells for 48 h was 5.13 µg/ml. PI staining showed that harmine altered the cell cycle distribution by decreasing the proportion of cells in the G0-G1 phase and increasing the proportion in the S and G2-M phase. The expression level of cyclin D1 was decreased, while the expression of cyclin A, E2 and B1, CDK1/cdc2, Myt-1 and p-cdc2 (Tyr15) were increased, which was in accordance with the S and G2/M phase arrest. Hoechst 33258 staining revealed nuclear fragmentation, chromosomal condensation and cell shrinkage in the SW620 cells treated with harmine. Flow cytometry revealed that the percentage of apoptotic sub-G1 cells increased from 7.19 to 26.58%, while in the control group, sub-G1 cells only increased from 1.53 to 1.60%. Furthermore, early and late apoptotic cells were increased from 11.96 to 26.38% when incubated with the indicated concentration of harmine for 48 h, while in the control group, <8% of cells underwent apoptosis. JC-1 staining revealed that harmine decreased mitochondrial transmembrane potential (ΔΨm). The apoptosis of SW620 cells was also detected by western blot analysis, showing caspase-3 and -9, and PARP activation; the downregulation of Bcl-2, Mcl-1, Bcl-xL; and the upregulation of Bax. The expression of p-ERK, p-Akt (Ser473) and p-Akt (Thr308) was inhibited, and phosphorylation of downstream targets of Akt, such as p-FoxO3a and p-GSK-3β were also attenuated. In conclusion, harmine induces cell cycle arrest and mitochondrial pathway-mediated cellular apoptosis in SW620 cells via inhibition of the Akt and ERK signaling pathways.
Introduction
Colon carcinoma is one of the most common and aggressive malignant tumors worldwide (1) . Currently, treatments for colon carcinoma are mainly surgery and chemotherapy, but the curative effect of existing chemotherapeutic drugs is not good, and they have numerous side-effects, including myelosuppression, neutropenia and thrombocytopenia (2) . Therefore, the exploration of a new approach, such as novel drugs with specific effects on colon carcinoma treatment is urgently needed.
Harmine, a β-carboline alkaloid isolated from the seeds of Peganum harmala ( Fig. 1) , has been traditionally used for ritual and medicinal preparations in the Middle East, Central Asia and South America (3) . Previous research has shown that harmine plays roles in anticancer treatments (4) (5) (6) and possesses anti-leishmanial properties (7) and antiviral effects (8) via inhibition of DYRK1A substrate phosphorylation. This compound was also found to interfere with neuritogenesis in cultured hippocampal neurons (9) and inhibit angiogenesis (10) , telomerase activity (5) and mitochondrial signaling pathways (6, 11) , in addition to inducing DNA single-or double-strand breaks (12) . It has been reported that harmine activates both the intrinsic and extrinsic pathways of apoptosis and regulates various transcription factors and pro-inflammatory cytokines in B16F-10 cells (6) . Furthermore, the in vivo anti-angiogenic activity of harmine was studied using B16F-10 melanoma cells in C57BL/6 mice. The results showed that harmine decreased tumor capillary formation and inhibited angiogenesis (4) . Harmine was also shown to induce apoptosis and suppress tumor cell proliferation through the downregulation of cyclooxygenase-2 expression in gastric cancer (13) . Additionally, harmine can upregulate p21 and p27, enhance the formation
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of complexes with the G1-S phase CDKs and cyclins, and induce G1 arrest to stall cancer progression in human breast cancer MCF7 (p53 wild-type), MCF7 (p53 knockdown) and MDA-MB-468 (p53 mutant) cells (14) . In cytotoxicity assays, harmine exhibited a strong inhibitory effect on the growth and proliferation of carcinoma cells, whereas it had no significant effects on quiescent fibroblasts (15) . However, no detailed data are available in regards to the growth inhibition of human colon carcinoma cells. In the present study, we investigated the effect of harmine on the growth of human SW620 cells. Clone formation assay. A clone formation assay was used to evaluate the effects of harmine on the proliferation of SW620 cells. Cells were first cultured in 12-well microplates (300 cells/well) in 2.0 ml of complete RPMI-1640 for 24 h. Then, the cells were treated with the indicated concentrations of harmine for 7 days. Finally, the cells were stained with crystal violet for 20 min. A digital camera captured images of the colonies as previously described (16) .
Materials and methods

Materials
Fluorescence microscopy assay. Harmine-induced apoptosis in SW620 cells was assessed by Hoechst 33258 staining.
Following treatment with the indicated concentrations of harmine for 48 h, the cells were harvested and smeared on slides. The slides were air-dried, fixed in methanol-acetone (3:1, v/v) and stained with Hoechst 33258 (5 µg/ml) at 37˚C in the dark for 20 min. Nuclear morphology was examined using fluorescence microscopy (DFC480; Leica Microsystems, Wetzlar, Germany) to identify cells undergoing apoptosis.
Flow cytometry. SW620 cells at a density of 20,000 cells/well were incubated in 6-well plates for 48 h with the indicated concentrations of harmine. After incubation, the cells were harvested, washed with phosphate-buffered solution (PBS), and fixed in 70% ice-cold ethanol overnight. Then, the fixed cells were incubated with 20 U/ml RNase I and 50 µg/ml PI for 30 min. The DNA content was determined by flow cytometry (FCM; Beckman Coulter, Fullerton, CA, USA). Apoptotic cells were identified by the sub-G1 phase in the cell cycle distribution. For assessment of the apoptotic rate, Annexin V-FITC/ PI staining was performed according to the manufacturer's protocol. The cells that were Annexin V-positive and PI-negative were defined as early apoptotic cells, and cells that were both Annexin V and PI-positive were defined as late apoptotic cells. The apoptotic rate was measured by FCM (Becton-Dickinson, USA) using CellQuest software.
Membrane potential of the mitochondria (ΔΨm).
Changes in the membrane potential of mitochondria were analyzed with JC-1 staining. SW620 cells were treated with 2.50 µg/ml harmine for 48 h, and then the cells were harvested, washed with PBS, fixed in JC-1 at 37˚C in the dark for 30 min, then harvested and smeared on slides. Changes in ΔΨm were measured with a fluorescence microscope according to the manufacturer's protocol.
Western blot analysis. Total protein was extracted by incubation of cell pellets with lysis buffer. The protein concentration was determined using the BCA assay (Sigma) according to the manufacturer's instructions. Cell lysates were electrophoresed on 10-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. The protein bands were then transferred to polyvinylidene difluoride (PVDF) membranes. After blocking with 5% dried skimmed milk, the membranes were incubated overnight at 4˚C with the appropriate primary antibody. Then, the membranes were washed three times in Tris-buffered saline and Tween-20 (TBST) and incubated for 1 h at room temperature with a secondary antibody conjugated to horseradish peroxidase. After washing in TBST, the bound antibody complex was detected using an ECL chemiluminescence reagent and X-ray film (Kodak, Rochester, NY, USA). Statistical analysis. Data were analyzed by ANOVA and Student's t-tests. These analyses were performed using SPSS 13.0 software. All results are expressed as the means ± standard error (SE) of three independent experiments. Differences with P<0.05 were considered to be statistically significant.
Results
Harmine inhibits SW620 cell proliferation. To study the effects of harmine on cell proliferation, we used a CCK-8/ WST-8 assay to analyze the proliferation of the SW620 cells. After cells were incubated with the indicated concentrations of harmine for 48 h, cell viability was markedly decreased (Fig. 2A) . Harmine inhibited the growth of SW620 cells in a dose-dependent manner (P<0.05 vs. control), with a half-maximal inhibitory concentration (IC 50 ) value of 5.13 µg/ ml. We further assessed the effect of harmine on the proliferation of SW620 cells using a clone formation assay. The results showed that harmine strongly inhibited SW620 cell proliferation in a dose-dependent manner after treatment with the indicated concentrations of harmine for 7 days (Fig. 2B) .
Harmine alters the cell cycle and modulates the expression of cell cycle regulatory proteins in SW620 cells. Flow cytometry with a PI staining assay was used to analyze the effects of harmine on the cell cycle distribution. As shown in Fig. 3A , a significant population of cells was arrested in the S phase (38.3-50.1%), compared to 38.3% in the DMSO-treated controls and the G2/M phase (9.7-20.0%), compared to 5.5% in the DMSO-treated controls after treatment with harmine at the indicated concentrations for 48 h. The population of cells in the S and G2-M phase increased, and the population of cells in the G1 phase decreased with increasing concentrations of harmine. These results indicate that cell cycle distribution was significantly arrested in the S and G2/M phases upon harmine treatment. As significant cell cycle arrest was observed with harmine treatment, we next assessed the effect of harmine on cell cycle regulatory proteins by western blot analysis. As shown in Fig. 3B , the expression of the G1 phase-related protein as cyclin D1, was significantly reduced after treatment with harmine for 48 h. However, the expression levels of S-and G2/M phase-related proteins, such as cyclin A, B1 and E2, increased, and those of G2/M phase-related proteins, such as cdc2, Myt-1 and p-cdc2 (Tyr15), were also increased.
Harmine induces apoptosis in SW620 cells. Apoptotic nuclear morphology was observed after Hoechst 33258 staining using fluorescence microscopy. After treatment with 5.00 µg/ml harmine for 48 h, the SW620 cells began to exhibit apoptotic characteristics, such as cell shrinkage, nuclear condensation and fragmentation. In the control group, the cells were regular in morphology, grew fully in patches and were confluent, rarely sloughing off (Fig. 4A) .
Apoptosis was also detected through a fluorescein Annexin V-FITC/PI double staining assay. The staining of cells with Annexin V-FITC and PI was used to distinguish and quantitatively determine the percentage of apoptotic cells. The SW620 cells underwent apoptosis after exposure to harmine at 1.25, 2.50 and 5.00 µg/ml for 48 h, and the percentage of apoptotic cells stained by Annexin V-FITC is shown in Fig. 4B . The early and late apoptotic cells increased from 11.96 to 26.38% when incubated with the indicated concentrations of harmine for 48 h, while in the control group, <8% of cells were apoptotic.
PI staining and flow cytometric assays were used to investigate the percentage of sub-G1 cells, which indicates late apoptotic cells. The SW620 cells underwent apoptosis after being exposed to harmine at 1.25, 2.50 and 5.00 µg/ml for 48 h, and the percentage of apoptotic cells as sub-G1 cells increased from 7.19 to 26.58%, while in the control group, sub-G1 cells increased from 1.53 to 1.60% (Fig. 4C) . The percentage of the sub-G1 fractions increased in a dose-dependent manner.
The caspases, a family of cysteine acid proteases, are known to act as important mediators of apoptosis and can cleave various cellular substrates. To study the mechanism by which harmine induces apoptosis, western blot analysis was conducted. Exposure of the SW620 cells to harmine resulted in cleavage of caspase-3 and -9, and PARP (Fig. 4D) . Increased harmine concentrations resulted in the disappearance of the intact proteins and the appearance of proteolytic cleavage bands in a concentration-dependent manner, which indicates that the cells were undergoing apoptosis.
Effect of harmine on mitochondrial membrane potential (ΔΨm) and protein expression levels of the Bcl-2 family.
Loss of ΔΨm is a crucial step in the apoptotic process and is lethal to cells since it leads to the release of diverse pro-apoptotic factors, such as Smac and cytochrome c, from the mitochondria into the cytoplasm (17, 18) . In the present study, we used the cationic dye JC-1 to determine the status of the mitochondria in SW620 cells. In non-apoptotic cells, JC-1 enters the negatively charged mitochondria, where it aggregates and turns red. However, in cells undergoing apoptosis where the ΔΨm has collapsed, JC-1 exists as monomers in the cytosol and turns green. Our results showed that harmine induced a depletion of ΔΨm in the SW620 cells (Fig. 5A) .
Bcl-2 family proteins are key regulators of mitochondrial permeability (19) . Therefore, we investigated whether the mitochondrial-mediated apoptosis in SW620 cells induced by harmine occurred as a result of the modulation of Bcl-2 family members. Harmine suppressed the expression of anti-apoptotic Bcl-2, Mcl-1 and Bcl-xL and increased the expression of pro-apoptotic Bax (Fig. 5B) . As a result of these changes, the ratios of Bcl-2/Bax, Mcl-1/Bax and Bcl-xL/Bax were significantly reduced during apoptosis.
Effects of harmine on the phosphorylation of Akt and its downstream targets in SW620 cells.
To explore the mechanism of cellular apoptosis induced by harmine in SW620 cells, we examined the Akt signaling pathway. The results showed that increased harmine concentrations downregulated phosphorylation of Ser473-Akt and Thr308-Akt in a dose-dependent manner without affecting the total amount of Akt (Fig. 6) . Therefore, we examined whether harmine could inhibit the phosphorylation of downstream targets of Akt. As expected, the phosphorylation levels of FoxO3a and GSK-3β were partially attenuated by harmine in a dose-dependent manner without affecting the amount of total protein in the SW620 cells. Meanwhile, the phosphorylation levels of ERK were also inhibited without affecting the amount of total protein.
Discussion
In the present study, we demonstrated that harmine dosedependently inhibited the growth of SW620 cells, induced mitochondrial-dependent apoptosis, and arrested the cell cycle in the S and G2/M phases. More significantly, we demonstrated that inhibition of the ERK and Akt signaling pathways was involved in the antitumor activity of harmine (Fig. 7) .
The cell cycle is a common phenomenon of eukaryotic cell division. In terms of the effects on the cell cycle, there are four key checkpoints in cell cycle progression: G1/S, S, G2/M and spindle assembly checkpoints (20) . Cyclin-dependent kinase inhibitors (CKIs), p53, Wee1 and Myt1 play important roles in the regulation of the cell cycle (21) . At the G2/M phase checkpoint, Akt downstream proteins, Wee1 and Myt1 can inhibit the progression of the cell cycle by phosphorylating cyclin- dependent kinases (CDKs) at specific sites, such as the Tyr15 and Thr14 in the ATP binding loop of cdc2 (22, 23) . In these experiments, the proportions of cells in the S and G2/M phases were increased in a dose-dependent manner, as shown by flow cytometric analysis. Western blot analysis showed that harmine downregulated cyclin D1 but upregulated cyclin A, E2 and B1, in accordance with the flow cytometric analysis results. Harmine changes the cell cycle distribution, and this differs among cell types. Yang et al indicated that harmine treatment resulted in G1 cell cycle arrest in a dose-dependent manner in human breast cancer cells (14) , and harmine induced human umbilical vein endothelial cells (HUVECs) to arrest at the S and G2/M phases (10). Our previous study showed that harmine also blocked the cell cycle at the S and G2/M phases in HepG2 cells, similar to our results in SW620 cells (11) . Our results also showed that Myt1 and p-cdc2 (Tyr15) were upregulated, and p-Akt was downregulated following treatment with harmine. The upregulation of Myt1 reduced the activity of cdc2 through phosphorylation of Tyr15, which can induce inhibition of the cdc2/cyclin B complex and cell cycle arrest in the S and G2/M phases in SW620 cells.
Four experiments, including Hoechst 33258 staining and fluorescence microscopy; PI staining and flow cytometry; Annexin V-FITC and PI staining and flow cytometry; and western blot analysis for the detection of caspase-9 and -3 and PARP, revealed that harmine treatment resulted in SW620 cells undergoing apoptosis, and all of the results suggest that the growth inhibition of SW620 cells by harmine is due to its ability to induce apoptosis.
The Bcl-2 family proteins play important roles in the regulation of cellular apoptosis (19) . When levels of anti-apoptotic proteins on the mitochondrial membrane, such as Bcl-2, Bcl-xL and Mcl-1, decrease and levels of pro-apoptotic proteins (Bax and Bak) increase or remain unchanged, the ratios of Bcl-2/ Bax, Bcl-xL/Bax and Mcl-1/Bax decrease, leading to a relative increase in Bax. Bax proteins change their configurations to form oligomers and insert into the mitochondrial membrane as pores, which leads to the release of cytochrome c from the mitochondria and the initiation of the caspase cascade and subsequently to apoptosis (24, 25) . In our experiments, harmine caused disruption of ΔΨm and increased the expression of pro-apoptotic Bax but decreased the expression levels of antiapoptotic Bcl-2, Bcl-xL and Mcl-1, leading to the upregulation of the ratios of Bax/Bcl-2, Bax/Bcl-xL and Bax/Mcl-1. These results demonstrated that harmine induced apoptosis through the mitochondrial pathway in SW620 cells.
The PI3K-Akt signaling pathway is an important intracellular signal transduction pathway. It plays important roles in cell proliferation, cell growth and metabolism, cell survival and angiogenesis by affecting the activity of downstream molecules, and it is closely associated with the development and progression of human tumors. This pathway can directly phosphorylate Bad on Ser136, and this creates a binding site for 14-3-3 proteins, which triggers the release of Bad from its target proteins. Akt can phosphorylate Ser196 on human procaspase-9, and this phosphorylation correlates with a decrease in the protease activity of caspase-9 in vitro. Akt also phosphorylates MDM2 on Ser166 and Ser186, and this promotes the translocation of MDM2 to the nucleus, where it negatively regulates p53. Other substrates of Akt include FoxO, GSK3, ASK1, TSC2, RAF1, Chk1, IKKα, p21 cip1 and p27 kip1 , which affect cell survival and cell cycle progression (26) (27) (28) . In the present study, we demonstrated that harmine inhibits Akt kinase activity by decreasing the phosphorylation of Akt on Thr308 and Ser473, and its downstream targets p-FoxO3a and p-GSK3β were markedly decreased in the presence of harmine in vitro. The targets of FoxO transcription factors include cyclin A, cyclin B, cyclin D, cyclin E, cyclin G2; p15, p19, p21, p27, p130 (cell cycle); and Bim, BNIP3, Fas-ligand, PUMA, PTEN, TRAIL and ATG12 (apoptosis and autophagy). Phosphorylation by Akt inactivated FoxOs, resulting in its accumulation in the cytoplasm and inhibiting its transcriptional function. Through this mechanism, Akt blocks the FoxO-mediated transcription of target genes that promote apoptosis, cell cycle arrest, and metabolic processes (28) . Akt also phosphorylates GSK3 isoforms at a highly conserved N-terminal regulatory site (GSK3α-Ser21 and GSK3β-Ser9), and this phosphorylation inactivates the kinase. GSK3-mediated phosphorylation of the G1 phase cyclins such as cyclin D and E, and the transcription factors c-jun and c-myc, which all play central roles in the cell cycle transition, targets them for proteasomal degradation, and GSK3 can also target and inhibit Mcl-1 (29, 30) . In the present study, we found that harmine inhibits the Akt signaling pathway by inhibiting the expression level of p-Akt and its downstream proteins, such as p-FoxO3 and p-GSK3β, thus inducing cell cycle arrest and mitochondrial apoptosis.
The activation of ERK1/2 has been shown to inhibit apoptosis in response to a wide range of stimuli. The activation Figure 7 . A schematic illustration demonstrating the effects and mechanism of harmine on cell cycle distribution and apoptosis in SW620 cells. Harmine upregulates myt1, phosphorylates cdc2 at Tyr15, and inhibits the activity of the cdc2/cyclin B complex. It also demonstrates that inhibition of ERK and inhibition of PI3K/Akt signaling play important roles in harmine-induced mitochondrial associated apoptosis in SW620 cells. of ERK1/2, induced by different initiating signals, results in the phosphorylation of different substrates; thus far, more than 150 substrates have been identified. ERK phosphorylates and inhibits the pro-apoptotic proteins such as caspase-8 and -9, Bad, Bim, and STAT3/5, and phosphorylates and activates anti-apoptotic proteins, such as Mcl-1, Bcl-xL, c-Flip, IEX-1, and CBP. Therefore, such as PKB/Akt, activated ERK regulates a number of cellular events, including cell proliferation and survival (31, 32) . In the present study, we found that harmine downregulated the expression of phosphorylated ERK and induced cell cycle arrest and mitochondrial apoptosis.
In conclusion, the present study demonstrated that harmine induced cell death and growth inhibition in human colorectal carcinoma SW620 cells. Harmine altered the cell cycle distribution by decreasing the proportion of cells in the G0-G1 phase and increasing the proportion in the S and G2-M phase, partly through upregulation of Myt-1 and p-cdc2 (Tyr15). Harmine induced mitochondrial-related cellular apoptosis by modulating the expression of Bcl-2 family proteins and decreasing mitochondrial transmembrane potential (ΔΨm). We also found that harmine decreased the levels of p-Akt and p-ERK, and this inhibition of the PI3K/Akt and ERK signaling pathways may be involved in harmine-induced cell cycle arrest and apoptosis in SW620 cells.
